PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 : 
C07K 17/00, C12N 11/00 



Al 



(11) International Publication Number: WO 96/30409 

(43) International Publication Date: 3 October 1996 (03.10.96) 



(21) Internationa] Application Number: PCT/CZ96/00010 

(22) International Filing Date: 26 March 1996 (26.03.96) 



(30) Priority Data: 
PV 761-95 



27 March 1995 (27.03.95) 



CZ 



(71) Applicant (for all designated States except US): 0STAV 

MAKROMOLEKULARNl CHEMDE AKADEMIE v£ 
£ESK£ REPUBUKY [CZ/CZ]; Heyrovskeho nim. 2. 162 
06 Praha 6 (CZ). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): BRYNDA, Eduard 
[CZ/CZ]; PaMzska 16, 110 00 Praha 1 (CZ). HOUSKA, 
Milan [CZ/CZ]; Na Rymani 81 i/42 f 150 00 Praha 5 (CZ). 

(74) Agent: GABRIELOVA, Marta; Cstav makromolekulamf 
chemie, AV CR, Heyrovskeno nam. 2, 162 06 Praha 6 
(CZ). 



(81) Designated States: CA, JP, SK, US. European patent (AT, BE. 
CH, DE. DK, ES, FI, FR, GB. GR. IE, IT. LU. MC. NL, 
- PT.SE). 



Published 

With international search report. 
Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



(54) Title: METHOD FOR IMMOBILISATION OF PROTCINS AND POLYELECTROLYTES ON SURFACES OF SOLIDS 



(57) Abstract 



Method of immobilization of proteins and polyelectrolytes on surfaces of solids in the form of films composed of molecular layers of 
proteins and polyelectrolytes arranged according to an eligible architecture characterised in that it includes the steps (a) the immobilisation 
of the protein or polyelectrolyte layer by the physical adsorption or a chemical bond, the step (b) the consecutive alternating adsorption of 
molecular layers of proteins and polyelectrolytes bearing opposite electrical charges, the step (c) the fixation of the resulting complex film 
by the chemical crosslinking and the step (d) the washing out of the uncrosslinked components. 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States patty to the PCT on the front pages of pamphlets publishing international 
applications under the PCT. 



AM 


Armenia 


GB 


United Kingdom 


MW 


Malawi 


AT 


Austria 


GE 


Georgia 


MX 


Mexico 


AU 


Australia 


GN 


Guinea 


NE 


Niger 


BB 


Barbados 


GR 


Greece 


NL 


Netherlands 


BE 


Belgium 


HU 


Hungary 


NO 


Norway 


BF 


Burkina Faso 


IE 


Ireland 


NZ 


New Zealand 


BG 


Bulgaria 


IT 


hah/ 


PL 


Poland 


BJ 


Benin 


JP 


Japan 


PT 


Portugal 


BR 


Brazil 


KE 


Kenya 


RO 


Romania 


BY 


Belarus 


KG 


Kyrgystan 


RU 


Russian Federation 


CA 


Canada 


KP 


Democratic People's Republic 


SD 


Sudan 


CF 


Central African Republic 




of Korea 


SE 


Sweden 


CC 


Congo 


KR 


Republic of Korea 


SG 


Singapore 


CH 


Switzerland 


KZ 


Kazakhstan 


SI 


Slovenia 


a 


Cote d'lvoire 


U 


Liechtenstein 


SK 


Slovakia 


CM 


Cameroon 


LK 


Sri Lanka 


SN 


Senegal 


CN 


China 


LR 


Liberia 


sz 


Swaziland 


cs 


Czechoslovakia 


LT 


Lithuania 


TD 


Chad 


cz 


Czech Republic 


LU 


Luxembourg 


TG 


Togo 


DE 


Germany 


LV 


Latvia 


TJ 


Tajikistan 


DK 


Denmark 


MC 




TT 


Trinidad and Tobago 


EE 


Estonia 


MD 


Republic of Moldova 


UA 


Ukraine 


ES 


Spam 


MG 


Madagascar 


UG 


Uganda 


FI 


Finland 


ML 


Mali 


US 


United States of America 


FR 


France 


MN 


Mongolia 


UZ 


Uzbekistan 


CA 


Gabon 


MR 


Mauritania 


VN 


Viet Nam 



WO 96/30409 



PCT/CZ96/00010 



1 

pescriptjon 

yethod for imm obilisation of proteins and PolvelectrPlYteg 
5 on surfac es of solids 

Technical Field 

The invention relates to a novel method of immobilisa- 
tion of proteins and polyelectrolytes on surfaces of solids 
10 thereby forming surface films consisting of molecular layers 
of proteins and polyelectrolytes arranged according to an 
eligible architecture. 

Background Art 

15 Systems based on surface immobilised proteins are 

nowadays widely utilised, e.g. in medicine, pharmacology, and 
various biotechnologies . 

The irreversible physical adsorption is currently used 
for immobilisation of proteins capable of a strong interac- 

20 tion with surfaces. The attachment is not usually very stable 
in the biological environment due to an exchange of the 
adsorbed protein for proteins in solution with a higher 
affinity for the surface. A strong physical interaction of 
the adsorbed protein with the surface often decreases its 

25 activity. 

A most frequently used method of immobilisation is a 
chemical (covalent) binding between an active group of 
protein (e.g. amino, phenyl, and other nucleophilic groups) 
and an active group on the substrate surface. The surface 

30 binding via hydroxy 1 groups activated with bromcyanogen has 
been the most widely used method. The disadvantage is a low 
stability of the bond, an ion exchanging character of the 
activated surface and a toxicity of the reagents used. A more 
stable bonding via surface hydroxyl groups can be achieved by 

35 activation with chlorof ormates. Another type of active 
surfaces is represented by materials with reactive epoxide 
groups. The rather high pH (ranging from 9 to 13) necessary 
for the activation of the epoxide groups often damages the 
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reacting proteins. The methods mentioned above are used for 
the covalent bonding of proteins to hydrogel substrates made 
from hydrophilic polymers bearing corresponding reactive 
groups . 

5 In practice it is often necessary or more desirable to 

immobilise proteins on surfaces of substrates which do not 
swell with water (e.g. porous particles and membranes, hollow 
fibres, tubing, prostheses and other solid subjects) and 
which do not posses corresponding groups for the covalent 

10 attachment. Active groups must be implanted to the surfaces 
of such materials by a surface modification. Surfaces of 
silicon materials are modified with chlorosilanes. Surfaces 
of inert polymers are modified using rather harsh methods 
(radiation grafting, plasma treatment, strong oxidation 

15 reagents) which may damage the product. 

A common disadvantage of systems for the immobilisation 
of proteins on rigid surfaces is a substantial degree of 
deactivation of proteins caused by the physical interaction 
with the underlying surface and a presence of spots of a bare 

20 surface remaining between the attached protein molecules. A 
nonspecific adsorption of proteins from the surrounding 
solution as well as an activation of adverse reactions in the 
physiological environment may occur on the uncoated surface 
areas . 

25 One way of a protein immobilisation on the inert rigid 

surfaces avoiding the above drawbacks is covering surfaces 
with a thick layer consisting of a crosslinked mixture of a 
hydrogel with the active protein. A uniform film can be 
mechanically deposited only on some objects (it cannot be 

30 deposited on, e.g., porous materials). Thick films, in 
general, adhere inadequately to substrates due to the 
contractions caused by changes in the degree of swelling. The 
protein immobilised inside the film is not active if the 
corresponding reagents (analytes) are too big to diffuse into 

35 the interior of the thick crosslinked film. 

Piscipsm-g pf invention 

The object of the invention is a method for the immobi- 
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lisation of proteins and polyelectrolytes onto surfaces and 
formation of films consisting of molecular layers of proteins 
and polyelectrolytes which are arranged in an eligible 
architecture characterised in that (a) protein or polye- 
5 lectrolyte is immobilised on the surface by the physical 
adsorption or by the covalent binding followed (b) by the 
consecutive alternating adsorption of the protein and 
polyelectrolyte under the conditions of formation of an ionic 
bond between the protein and the polyelectrolyte so that a 

10 film composed of alternating molecules of proteins and 
polyelectrolytes is formed and (c) the film is subsequently 
fixed by a chemical cross linking between active groups of 
protein or between active groups of protein and polyelectro- 
lyte; (d) the multilayer film of protein which does not 

15 contain another polylectrolyte can be formed by using 
polyelectrolyte without chemical groups reacting with 
crosslinker and by washing the polyelectrolyte from the 
crosslinked film with a solution in which the ionic bond 
between the protein and the polyelectrolyte is cancelled. 

20 

(a) The immobilisation of the first layer* The monomolecular 
layer of protein is obtained by contacting the surface with 
an aqueous solution of a globular protein, e.g., albumin, 
fibrinogen and globulin, which adsorbs irreversibly via 

25 hydrophobic interaction on materials with a high free 
interfacial energy between their surfaces and water, i.e. , on 
surfaces of polymers like polyolef ines, polystyrene, polyvi- 
nylchloride , f luorinated polymers , polyesters , silicones , 
polymethacrylates , polyamides, cellulose acetates, polyimi- 

30 des, polyacrylonitrile, polyurethanes , polycarbonates, 
epoxide and formaldehyde resins, natural rubber, or metals, 
semiconductors, ceramics, graphite, or which adsorbs via a 
combination of hydrophobic and ionic interactions on surfaces 
of hydrophilic solids like glass, quartz and mica. The 

35 physical adsorption is performed by a mere contact of an 
aqueous solution of the protein without any chemical activa- 
tion of the surface or protein. The physical adsorption is 
not quite irreversible on neutral hydrogels consisting of 
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movable polymer chains like cuprophane, polyhydroxyalkyl- 
acry lates and methacrylates , polyacrylates , agarosa , sephar o- 
sa, polyacrylamide . This type of materials can be coated with 
the first protein layer by one of the known chemical methods. 
5 A coating mediated by an ionic interaction can be applied 
only if the ionic bond is stable during the subsequent 
formation of the multilayer film and if a covalent attachment 
of the protein to the surface can be formed during the 
crosslinking step. A polyelectrolyte can be immobilised by 

10 the physical adsorption via an ionic interaction with the 
opposite charged surface; a polyelectrolyte with reactive 
groups can be immobilised to an activated surface by a 
covalent bonding using the known methods. In both cases the 
protein which adsorbs onto the immobilised polyelectrolyte in 

15 the subsequent steps must form a covalent bond with the 
surface during the final crosslinking. For example, collagen, 
gelatine and crosslinked albumin or fibrinogen can be used as 
solid substrates. 

b) The consecutive alternating adsorption of proteins and 

20 polyelectrolytes . Additional layers of the protein and 
polyelectrolyte are consecutively adsorbed by alternating 
contacts of the surface with the protein and polyelectrolyte 
solutions. By using for individual layers solutions of 
different proteins and/or polyelectrolytes films are prepared 

25 in which different proteins and/or polyelectrolyte alternate 
in a required sequences. The ionic strength and pH of 
solutions are chosen so that the protein and polyelectrolyte 
form ionic complexes. In a multilayer film a molecular layer 
of polyelectrolyte connects the neighbouring protein layers. 

30 Polysaccharides, polypeptides and synthetic polymers soluble 
in water, such as, e.g., polystyrene sulfonate, polyvinyl 
sulfonate, sulfonated cellulose, polymethacrylic acid and its 
copolymers, polyglutamates , polyvinylpyridine and polyionenes 
can be used as polyelectrolytes. 

35 c) The crosslinking. Chemical crosslinks are formed by 
contacting the coated surface with a water solution of a 
crossl inker, e.g., glutar aldehyde, in which the ionic bonding 
between the protein and polyelectrolyte layers is maintained. 
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The crosslinker forms chemical bond between reactive groups 
of proteins (amino, phenyl and other nucleophilic groups). If 
the polyelectrolyte reacts with the crosslinker (e.g., via 
amino groups of some polysaccharides or synthetic polye- 
5 lectrolytes ) , then the polyelectrolyte becomes an integral 
part of the covalent network. 

d) The washing out of polyelectrolyte. Polyelectrolytes which 
do not react with the crosslinker can be washed out of the 
multilayer with a solution in which ionic interactions 
10 between the protein and polyelectrolyte are cancelled so that 
a covalently crosslinked film composed only of proteins is 
prepared. 

The novel method, in comparison to known methods, is 
applicable to virtually any solid material which, with the 

15 exception of neutral hydrogels, need not to be chemically 
activated. The protein films are formed on ready made devices 
by a mere contact with the water solutions of the components 
to be deposited. Dimensions and shapes of the devices to be 
coated are unlimited. Uniform films are deposited on materi- 

20 als like foils, tubes, fibres, hollow fibres, powders, porous 
particles etc. Contrary to a monomolecular protein layer, the 
multilayer film with a defined number of layers is more 
resistant to the erosion in the biological environment. The 
thickness of the films is several orders of magnitude smaller 

25 and more uniform than that of films prepared by casting. For 
an easier storage and handling the films on solids can be 
dried and reswollen just before the use. Multilayer films 
composed of layers of different proteins can contain inner 
layers of an inactive protein (e.g. albumin) which forms an 

30 ideal transition from the solid surface to the outer layers 
of actively functioning protein. Such inner film minimises 
interfacial tension between the surface and water, minimises 
nonspecific adsorption and does not initiate adverse reacti- 
ons of the organism* Active protein molecules immobilised on 

35 the film are better accessible to big reactants. The primary 
protein layers of e.g. albumin can serve as an anchor site 
for other proteins which do not adsorb directly on the 
surface. If the antigen or substrate for the immobilised 
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protein can migrate through an albumin film, the albumin 
membrane covering the active protein layer can protect it. 
Immobilised layers of different enzymes can be arranged into 
assemblies of mutually cooperating enzymes in which the 
5 product of one layer is a substrate for the enzyme in the 
neighbouring layer* 

The invention is illustrated by the following examples 
of performance without, however, limiting the scope to them. 

10 Examples 
Example 1 

The immobilisation of four molecular layers of serum 
albumin (SA) on the surface of the acetate cellulose membra - 
15 ne. 

(1) The adsorption of SA from 0,1% SA in 0,05 M NaCl f HC1, 
pH 3,0 (NaCl solution) yields monomolecular layer of 
0,24 jig SA/cm 2 . 

(2) The washing of the surface with the NaCl solution. 

20 (3) The adsorption of sodium polystyrene sulfonate (PSS) 
from 0,1 % PSS in the NaCl solution. 

(4) The washing of the surface with the NaCl solution. 

(5) The adsorption of the second SA layer by repeating the 
step (1) yielded 0,44 |ig, SA/cm 2 . 

25 (6) The adsorption of the third and fourth SA molecular 
layer by repeating twice the sequence of the steps (2) 
to (5) yielded 0,42 jig SA/cm 2 0,45 SA/cm 2 , respecti- 
vely. 

(7) The washing of the surface with the NaCl solution. 
30 (8) The crosslinking of SA in the film by 0,5% glutaralde- 
hyde in the NaCl solution. 

(9) The washing of the surface with the NaCl solution. 

(10) The washing of the surface with 0,1% SA in NaCl solu- 
tion. 

35 (11) The washing with water. 

(12) The washing with phosphate buffer pH 7,4. 

(13) The washing with water. 
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The washing removed from the crosslinked film residual PSS 
and glutaraldehyde and the final film contained 1,55 jig 
SA/cm 2 . 

5 Example 2 

The immobilisation of three molecular layers of human 
fibrinogen (Fb) on Teflon. 

(1) The adsorption of Fb from 0,025% Fb in 0,01 M citrate 
buffer, pH 4,0 (CB) yielded monomolecular layer of 

10 0,49 |ig Fb/cm 2 . 

(2) The washing of the surface with CB. 

(3) The adsorption of sodium polystyrene sulfonate (PSS) 
from 0,1% PSS in CB. 

(4) The washing of the surface with CB. 

15 (5) The adsorption of the second Fb layer by repeating the 
step (1) yielded 1,37 |ig Fb/cm 2 . 
(6) The adsorption of the third Fb molecular layer by 
repeating twice the sequence of the steps (2) to (5) 
yielded 0,42 jig SA/cm 2 and 0,45 |ig SA/cm 2 , respectively. 

20 (7) The washing of the surface with CB. 

(8) The cross linking of Fb in the film by 0,5 % glutaralde- 
hyde in CB. 

(9) The washing of the surface with CB. 

(10) The washing of the surface with 0,025 % Fb in CB. 
25 (11) The washing with water. 

(12) The washing with phosphate buffer pH 7,4. 

(13) The washing with water. 

The washing removed from the crosslinked film residual PSS 
30 and glutaraldehyde and the final film contained 3,43 jig 
Fb/cm 2 . 



Example 3 

The immobilisation of three layers of gamma- immunoglobu- 
35 line (IgG) on the surface of polyethylene (PE) coated with 
three layers of serum albumin (SA) . (PE/SA-SA-SA-IgG-IgG-IgG) 
(1) The adsorption of SA from 0,1 % SA in phosphate buffer 
pH 7,3 yields monomolecular layer of SA. 
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(2) The washing of the surface with water. 

(3) The adsorption of sodium polystyrene sulfonate (PSS) 
from 0,1 % PSS in citrate buffer pH 4,2 (CB). 

(4) The washing of the surface with CB. 

5 (5) The adsorption of the second SA layer from 0,2 % SA in 
CB. 

(6) The adsorption of the third SA molecular layer by 
repeating the sequence of the steps (4), (3), (5) and 
(4). The film contained 1 jig SA/cm 2 in the three molecu- 

10 lar layers. 

(7) The adsorption of IgG from 0,1 % IgG in CB yielded 
molecular layer of 0,52 |ig IgG/cm 2 . 

(8) The adsorption of the second and third layer of IgG by 
repeating the sequence of the steps ( 2 } to ( 4 ) and ( 6 ) . 

15 The film of three IgG layers contained 2,4 \ig IgG/cm 2 . 

(9) The washing of the surface with CB. 

(10) The crosslinking of SA and IgG in the film by 0,5 % g- 
lutaraldehyde in CB. 

(11) The washing of the surface with CB. 

20 (12) The washing of the surface with 0,1 % IgG in water. 

(13) The washing with water. 

(14) The washing with phosphate buffer pH 7,4. 

(15) The washing with water. 



25 The washing removed from the crosslinked film residual PSS 
and glutaraldehyde. 

Example 4 

The immobilisation of three layers of urease (U) with a 
30 protective bilayer of albumin on the surface of gold (Au) 
coated with two layers of albumin. (Au/SA-SA-U-U-U-SA-SA) 

(1) The adsorption of SA from 0,1%. SA in citrate buffer pH 
7,3 (CB) yields monomolecular layer of SA. 

(2) The washing of the surface with CB. 

35 (3) The adsorption of sodium polystyrene sulfonate (PSS) 
from 0,1 % PSS in CB. 

(4) The washing of the surface with CB. 

(5) The adsorption of the second SA and PSS layers by 
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repeating the sequence of the steps (l) to (4). 

(6) The adsorption of U f rom 0,1 % U in CB. 

(7) The washing of the surface with CB. The first urease 
layer contained 1 jig U/cm 2 . 

5 (8) The adsorption of PSS from 0,1 % PSS in CB. 

(9) The washing of the surface with CB. 

(10) The adsorption of the second and third U and PSS layers 
by repeating twice the sequence of the steps (6) to (9). 
The three molecular layers of urease contained 4,25 |ig 

10 U/cm 2 . 

(11) The adsorption of two molecular layers of SA and PSS by 
the sequence of the steps (1) to (3), (4), (1) and (2). 
Two upper SA layers contained 0,9 |ig SA/cm 2 . 

(12) The crosslinking of SA and U in the film by 0,5 % glu- 
15 taraldehyde in CB. 

(11) The washing of the surface with CB. 

(12) The washing of the surface with 0,1 % SA in CB. 

(13) The washing with water. 

(14) The washing with phosphate buffer pH 7,4. 
20 (15) The washing with water. 



The washing removed from the crosslinked film residual PSS 
and glutaraldehyde . 
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Clflipg 



1. Method of immobilisation of proteins and polyelectro- 
5 lytes on surfaces of solids in the form of films 

composed of molecular layers of proteins and polye- 
lectrolytes arranged according to an eligible archi- 
tecture characterised in that it comprises the step (a) 
the immobilisation of the protein or polyelectrolyte 

10 layer by the physical adsorption or a chemical bond, 

followed by the step (b) the consecutive alternating 
adsorption of molecular layers of proteins and polye- 
lectrolytes bearing opposite electrical charges, 
followed by the step (c) the fixation of the resulting 

15 complex film by the chemical crosslinking and followed 

by the step (d) the washing of the uncrosslinked 
components • 



2. Method for immobilisation according to the claim l 
20 characterised in that the film composed only from 

protein components is received by using polyelectrolyte 
without chemical groups reacting with the crosslinker 
and by washing the polyelectrolyte out of the cross lin- 
ked film with a solution in which the ionic bond between 
25 the protein and/or proteins and the polyelectrolyte is 

cancelled. 
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